The Late Glacial landscape of the Netherlands was a landscape with changing geomorphology and vegetation. Glacial, eolian and fluvial processes in the time before the Late Glacial initially had formed the main landscape types that still existed during the Late Glacial. In these landscape types, geomorphological processes persisted, particularly during intervals when the vegetation cover was discontinuous. Vegetation development initiated soil formation and stabilised the substratum. On the other hand, the abiotic landscape influenced vegetation development, and particularly vegetation patterns.
Introduction
The Weichselian Late Glacial forms the transition from the cold Pleniglacial to the warmer Holocene and is dated to between 13,000 and 10,000 14 C years BP. Climate changes over this transition are recorded classically by palynological investigations. The changes in climate influenced the whole landscape. Not only vegetation changed, as reflected in numerous paleoecological studies, but the abiotic components of the landscape also reacted to the climatic changes. From a geological point of view, changes in climate occurred very quickly. The mean July temperature rose by at least 5 °C at the start of the Late Glacial, and marked changes in precipitation also seem to have occurred. At least one major temperature decline occurred during the Late Glacial, i.e., during the Younger Dryas stadial, when the temperature dropped to such an extent that both vegetation and the abiotic landscape changed considerably. It might be expected that only minor spatial differences in climate would then have occurred in The Netherlands, because of the small area and relatively large distance to the former coastline (the sea level was over 90 m lower than today at the time). On the other hand, various landscape types were present that should have influenced vegetation. This implies that differences in vegetation patterns cannot be ascribed to spatial differences in climate, but must rather be related to the abiotic environment (Hoek, 1997a) . considered as changes in vegetation patterns, which varied within each individual type of abiotic landscape. By adopting a paleogeographical approach, vegetation patterns and changes in these patterns can be compared with geological or geomorphological maps. If the relationships between paleovegetation and the abiotic components of the landscape are known, the influence of the climate can be analysed more closely.
Some of the results of a larger research project (see also Hoek 1997c,d) are discussed in the present contribution. Vegetation patterns on a regional scale appear to be closely related to the abiotic landscape. The complex interrelationships between the abiotic landscape and vegetation, and particularly the influences of vegetation on geomorphological processes are, however, not the main subject of the present paper and will be discussed separately (Hoek, in prep.) . It will be shown in the present contribution that the influence of the abiotic landscape on vegetation has to be taken into account, when interpreting climate/vegetation relationships. 
Methods
By using a paleogeographical approach, the vegetation patterns and changes in these patterns can be compared with geological or geomorphological maps. This approach requires a dense network of palynological sites in an area with a well-known geology and geomorphology such as the Netherlands. Essential to the reconstruction of vegetation patterns through time is, however, a good age control on the individual pollen profiles.
Vegetation development in time
A considerable body of Late Glacial palynological data have been assembled from NW Europe and especially from the Netherlands during the last decades (Fig. 1) . Most of these data are now available digitally, and the general vegetation development for this time-span is well known. The vegetation development in the Netherlands during the Late Glacial and Early Holocene has been described by several authors (among them Van der Hammen, 1951; Van Geel et al., 1989; Bohncke, 1993; Hoek, 1997b) .
With the help of 239 radiocarbon dates derived from 102 pollen diagrams from the Netherlands, northern Belgium and western Germany, the general vegetation development has been linked to the uncalibrated radiocarbon time scale (Hoek, 1997b) . The pollen diagrams in the database have been subdivided into zones and subzones (Fig. 2) . Note that, for the a. description of biozones, the term 'Late Dryas' is used instead of 'Younger Dryas', which is commonly used to describe the associated chronozone (Hoek, 1997c) .
Landscape patterns
A reconstruction of the landscape that existed in The Netherlands during the Late Glacial is presented in Figure 3 . In all of the landscape types, open basins were present in which organic material accumulated. These organic infillings contain the palynological evidence ( Fig. 1 ) that has been used to reconstruct the vegetation history in these areas.
Vegetation patterns
Iso-pollen maps show the changes in vegetation composition and patterns (Hoek, 1997d) .The iso-pollen maps, which reflect the spatial distribution of each pollen taxon, relate to specific time intervals. These time intervals are the pollen-assemblage zones, as shown in Figure 2 . For each location, the average values for the specific taxa within the distinguished zones were retrieved from the database. A squared-inverse distance interpolation with a search radius of 20 km, on a grid of 5 km by 5 km has been used for the construction of the iso-pollen patterns. The search radius used in the interpolation is in accordance with the possible source area of the regional pollen rain, and thus the interpolated data are supposed to resem- ble the regional vegetation. A value has been computed for each 5-km grid point; the outcome has automatically been blanked for areas from where no data were available within the search radius. This implies that no extrapolations into areas without data have been made. The data points used in the interpolation are displayed as black dots.
Late Glacial abiotic landscape types
Five principal landscape types can be distinguished in the Netherlands (Fig. 3) . These landscape types can be defined on the basis of differences in genesis and lithology.
The ice-pushed landscape
This landscape type was initially formed under Saalian glacial conditions. During the Saalian glaciation, half of The Netherlands was covered by the Scandinavian ice sheet, which was responsible for the creation of the elevated topography of the middle and northern Netherlands. Ice-pushed ridges reaching up to approx. 100 m in the central part to about 20 m in the northern part of the Netherlands constitute the main relief elements of the landscape. Coarse-grained sandur deposits are present around the ice-pushed ridges (Ruegg, 1977) . During the Weichselian, periglacial slope processes prevailed. The valleys, shaped by incision -due to snow meltwater -into the substratum that was frozen during the Pleniglacial, were partly filled with eolian sands and solifluction deposits. Eolian depositiopn and solifluction smoothed the original landscape during drier and wetter phases, reaspectively, of the Pleniglacial. Deflation on the windward slopes of the hills caused the formation of desert pavements, whereas the leeward sides were covered with finegrained, eolian sands. As the ice-pushed ridges consist of mainly well drained fluvial sands and gravels, only a few wet basins occurred where organic deposits could be preserved.
In the ice-pushed landscape, the near absence of preserved organics and thus of 14 C-datable material often makes it difficult to differentiate between sediments that were formed during the Pleniglacial, and those during the Late Glacial. It can be concluded from the evidence available that processes of slope formation and eolian processes persisted during the Late Glacial. At the base of the ice-pushed hills, springs occurred where peats could develop in the Late Glacial (Maarleveld & Van der Schans, 1961; Verbraeck, 1984) . A few pingo remnants occur in the ice-pushed land-scape, which have been investigated palynologically and geochemically by .
Between the ice-pushed ridges, deposition of coversands took place during the Pleniglacial and Late Glacial. Pleniglacial slope deposits andYounger Dryas coversands form the sedimentary bodies in between which Late Glacial organic material has been preserved in the Leuvenumse Beek valley (Polak, 1967; De Gans et al., 1989) . Low parabolic dunes, palynologically dated as Younger Dryas, have been described by Maarleveld &Van der Schans (1961) .These dunes formed because some vegetation cover, into which eolian material could be trapped, was present during that time.
The till landscape
The till region in the northern Netherlands was also formed during the Saalian glaciation, and large parts of the northern Netherlands were covered with glacial tills. During the Late Glacial, these tills formed the substratum that became covered locally by a thin layer of coversand in a gently undulating landscape. The tills consist of a clayey/silty matrix with sand, gravel and boulders, but their heterogeneity and compaction make them are largely impermeable, which leads to relatively high groundwater levels in this area. The main geomorphological features in the till landscape are Pleniglacial pingo remnants, that occur frequently in the northern Netherlands (De Gans, 1982) . Pingo remnants have been preserved as circular depressions with or without a distinct rampart. Palynological analyses indicate that the infilling of the depressions began in the Late Glacial (Belling/Allerad interstadial), supporting the interpretation that they formed during the Pleniglacial . The pingo remnants are mainly filled with organic gyttja or peat. In several pingo remnants, eolian sands were blown into the lakes during the Younger Dryas (Ter Wee, 1966; Bosch, 1990) .
In the western part of the till region in particular, coversand deposition took place during the Younger Dryas (De Groot et al., 1987) , but there is no evidence that this occurred in the eastern part of the till region at the time (Bosch, 1990) .
From the centre of the Drenthe Plateau, several brook valleys developed, forming a radial drainage pattern. The brook valleys dissecting the till landscape have been studied by, among others, De Gans (1982) and De Groot et al. (1987) .
The coversand landscape
Most of the Netherlands Late Glacial landscape was covered with a layer of eolian sands. The so-called 'Older Coversands' have been mainly deposited during the (Late) Pleniglacial and formed a flat undulating topography. The 'Younger Coversands' were deposited during the Late Glacial and Early Holocene and formed a subdued dune topography. Layers of coversand deposited between the Saalian ice-pushed ridges characterise the coversand region in the eastern Netherlands. The coversand region in the southern Netherlands is characterised by a gently undulating topography; the coversand thickness varies from some meters to a few decimetres. In the southwestern part, Early Pleistocene clayey deposits occur at a shallow depth. The presence of the Peel Horst, the Venlo Graben and the Ruhr Valley Graben resulted in differences in thickness of the coversands in the southeastern part.
Eolian processes were responsible for most of the Late Glacial geomorphology in the coversand area. Organic deposits in this landscape type consist of peats and shallow lacustrine deposits formed in the depressions between coversand ridges (Van der Hammen &Wijmstra, 1971; Van Geel et al., 1989) .
Pingo remnants with a Late Glacial infill in the northeastern coversand region have been described by, among others, Bijlsma & De Lange (1983) and Van derWoude (1984) . Some smaller pingo remnants occur in the southern Netherlands coversand region (Bisschops, 1973; Van Leeuwaarden, 1982; Bisschops et al., 1985; Kasse & Bohncke, 1992; Hoek & Joosten, 1995) . The main direction of the brook valleys in the northeastern coversand area is towards the Vecht river valley in the north and towards the IJssel river valley in the west. In the southern coversand region, the main direction of the brook valleys is towards the Meuse and Rhine river valley in the north, whereas drainage from the Peel Horst area is towards the Meuse valley in the east. The brook valleys in the coversand regions have formed the subject of several detailed geomorphological studies. Van der Hammen & Wijmstra (1971) made a detailed investigation of the Dinkel valley in the eastern Netherlands. In the southern coversand area, several brook valleys have been studied by, among others, Heijnens & Tijssen (1982) , Vandenberghe et al. (1984 Vandenberghe et al. ( , 1987 and Cleveringaetal. (1988) .
The river landscape
The subsoil of the Netherlands consists mainly of fluvial sediments from the Rhine, Meuse and Scheldt. These rivers formed a series of terraces during the Quaternary as a result of tectonic uplift in the southern Netherlands which, for the Rhine and Meuse, can be recognised in the province of Limburg ( Van den Berg, 1996) . Further to the north-west, only the youngest terraces can be recognised near the surface. The terrace levels that can be distinguished are of Pleniglacial and Late Glacial age. In the central and western Netherlands, however, terraces are covered with Holocene deposits, which become increasingly thick towards the west. Investigation of the Late Glacial fluvial history has therefore been predominantly restricted to the central and south-eastern Netherlands. The river landscape during the Late Glacial has been described by, among others, Van den Broek & Maarleveld (1963) , Berendsen et al. (1995) , Kasse et al. (1995) and Huisink (1999) .
Discharge, sediment load and, subsequently, river pattern changed during the Late Glacial as a result of climate change. As rivers changed their patterns and morphology between braiding and meandering, the abandoned river channels formed basins where organic deposits could be preserved.
In the second part of the Younger Dryas stadial, from 10,550 -10,150 BP, sand was blown out of river floodplains and formed river dunes because eolian material was trapped in the vegetation cover along the valleys on the older terraces. Occasionally, organic deposits in abandoned channels and backswamps were buried under thick layers of eolian sand (Bohncke et al., 1993) .
The loess landscape
In the southernmost part of the Netherlands (southern Limburg), Quaternary river terraces are covered with thick layers of loess. Small areas of loess occur also in a few other places in the central Netherlands. The deposition of the loess took place mainly during the Pleniglacial. The Limburg loess is situated in the northern part of the European loess belt. The transition from coversand in the north to loess in the south is a result of along-track size sorting by northerly winds (Schwan, 1986) .
Although the loess cover in the southern Netherlands was deposited by wind action, the main mechanism that influenced the Late Glacial morphology in the loess landscape was gelifluction. Steep gradients were present along the smaller rivers and brook valleys, and those were the areas were gelifluction could occur. The gelifluction material (colluvium) partly filled the smaller river and brook valleys in this area. In some river valleys, peat formation occurred during the Late Glacial and Early Holocene (Janssen, 1960; Kuyl, 1980; Van den Broek, 1981) , indicating that slope processes had ceased, at least locally. These sparse peat deposits form the palynological archive for this region.
Landscape/vegetation interactions
Climatically driven geomorphological processes, and the rates of operation of those processes, varied between the various landscape types. This must partly have been caused by differences in vegetation cover, which in turn are also determined by the abiotic landscape. This points towards a whole range of complex feedback mechanisms (Hoek, in prep.) , but essentially climate and abiotic landscape determine the vegetation patterns. A selection of distribution maps for four specific taxa through time are presented in Figures 4-7. These maps illustrate the influence of the abiotic landscape on the vegetation patterns.
AP patterns
Within the group of arboreal pollen (AP), the main taxa are Betula and Pinus; to a lesser extent, Salix and Populus occur. The AP percentages are an indication of forest density during the Late Glacial and Early Holocene, with the highest values usually occurring during warmer time intervals. Low AP percentages are indicative of more herbaceous, colder vegetation types. The AP percentages can, however, not be used as a temperature proxy (Van Geel, 1996) . Moreover, an absolute value for the forest density based on AP percentages is difficult to establish, though relative changes in AP percentage may indicate changes in forest density. As a guideline, 50% AP can be taken to imply the occurrence of forest during the investigated time-span (Zagwijn, 1989) .
Iso-pollen maps for AP percentages during several time-windows were constructed based on approx. 250 pollen diagrams. These maps, presented in Figure 4 , show the distribution of AP percentages in time and space. AP percentages below 50% during the earliest part of the Late Glacial suggest that herbaceous communities then covered large parts of the Netherlands, whereas higher percentage values later in the Late Glacial suggest the presence of forests.
Pinus patterns
Pinus sylvestris currently grows on light, non-calcareous freely drained soils (Carlisle & Brown, 1968) . For the Late Glacial, Huntley & Birks (1983) showed that Pinus migrated in a westward direction across this region at a maximum rate of at least 1.5 km/year, values above 20% probably reflecting local occurrence. Pinus migrated into the Netherlands at the boundary between subzone 2a and 2b, dated at around 11,250 BP (Hoek, 1997b) , with the Rhine valley probably forming the major immigration pathway (Fig. 5) . The mi- gration process did not occur along a closed front but by outposts, according to the ecotone concept, with patches of trees migrating and expanding in time. Bos (1998) described Pinus macrofossils from the southern Netherlands dated around 11,500 BP, indicating that pine already was locally present there. The highest percentages of Pinus are found in the river region, suggesting that pine actually inhabited the river valleys. As Pinus sylvestris is presently associated with drier sites, it is unlikely that pine was growing on the river valley floors (van Leeuwaarden, 1982) but largely colonised the higher terraces and valley slopes. Ellenberg (1963) , however, described pine growing under exceptional conditions on river floors, indicating that occasional stands of pine may have been present in those locations. The high percentages of Pinus in zones 2 and 3 in the central Netherlands river region may, on the other hand, also be partly a result of a more open herbaceous vegetation type, as indicated by the low AP values in Figures 4b and 4c, with Pinus being over-represented as a result of long-distance transport. In the Late Preboreal, from about 9,500 BP onward, Pinus re-colonised the Netherlands.
Juniperus patterns
The growth of Juniperus communis is favoured by a bare sandy substratum where eolian activity is limited. Juniperus is present in the Netherlands from the start of the Late Glacial, migration occurring rapidly, as birds spread the fruits. Juniperus is considered to form a shrub belt in front of the Betula forest line on dry soils (van der Hammen, 1951) .
Juniperus, recorded in 81 % of the diagrams in the database, was an important constituent of the Late Glacial vegetation. Juniperus has been recorded in 74% of the pollen diagrams from the first part of the Late Glacial: zones 1 and 2 (12,900-10,950 BP). During the Late Dryas and Preboreal zones 3 and 4 (10,950-9,500 BY), Juniperus pollen has been recorded less frequently, in 64% and 6 1 % of the pollen diagrams, respectively. The highest average values, reaching 15%, are found in subzone lc (12,100-11,900 BP), where 85% of the diagrams contain Juniperus. In the very beginning of subzone 2a (11,900-11,500 BP) high values are also recorded.
The ice-pushed and coversand areas consist of sandy, well-drained sediments. It is therefore likely that Juniperus had a preference for these regions during the course of the Late Glacial, including the more forested zone 2 (Fig. 6) . The lowest percentages in zone 2 are recorded in the river valleys and the northern Netherlands till region, which are areas with higher groundwater levels and a less sandy substratum. In subzone lc and zone 3, eolian activity in the coversand regions limited the occurrence of Juniper us. The coversand ridges and river dunes formed in these periods did, however, create a new habitat for Juniperus. It can be concluded from the maps that juniper changed its most preferred position from the icepushed ridges in the early Late Glacial towards the coversand regions at the end of the Late Glacial and beginning of the Holocene.
Ericales patterns
Ericales are calcifuge herbs that flourish on leached soils. Increasing climatic oceanicity and soil formation commonly favour the distribution of Ericales. The main constituent of the group of Ericales during the Late Glacial is Empetrum nigrum, and hence the patterns show distributions that are largely those for Empetrum (Hoek, 1997d) . Later in the Holocene, Calluna vulgaris and Erica tetralix became more prominent constituents (Huntley & Birks, 1983) .The occurrence of Empetrum nigrum has often been used as an indicator of increased oceanicity, reflecting higher precipitation rates or more extensive snow cover (Brown, 1971) . At present, an abundance of Ericales indicates a low nutrient availability and acid soils, a situation occurring already in the till region during the time-span under investigation.
Ericales are present in most (92%) diagrams in the database, in values ranging between 0 and 15%, with locally high values of 30%. In zone 1 (12,900-11,900 BP) and 2 (11,900-10,950 BP) they occur in 82 and 81%> of the diagrams, respectively. In zone 3 (10,950-10,150 BP), Ericales pollen has been recorded in 91%> of the pollen diagrams in the database. In zone 4 (10,150-9,500 BP), Ericales are recorded in 86% of the diagrams with mostly values below 5%.
The distribution pattern for zone 3 shows that the high values are linked to the poorly drained and leached soils in tills situated in the northern Netherlands (Fig. 7c) . The higher percentages outside the area of Saalian till deposits are mostly related to sites on a clayey substratum at shallow depth.
Discussion and conclusions
At the regional scale, climate influences both geomorphology (rates of operation of processes) and vegetation. open. This abiotic evidence supports the palynological indications for a change from open birch/pine woods towards a park tundra with scattered trees and shrubs. The geomorphology influenced the vegetation in a range of ways, and this occurred at both a regional and, more often, a local scale. The vegetation also influenced the geomorphology, again both regionally and locally. A good example is the building of dunes as a result of eolian material being trapped by isolated patches of vegetation. Undoubtedly, both phenomena are closely related. A combined vegetational and geomorphological study has nevertheless, rarely been undertaken in previous investigations. Yet, the comparison of vegetation patterns and maps of the abiotic landscape can provide information about their relationships.
In essence, climate and abiotic landscape determine the vegetation patterns. The changes of vegetation with time can be considered as changes in vegetation patterns, which varied within each abiotic landscape type. Not only the climate and the abiotic landscape influenced the vegetation development, however. Light-demanding taxa gradually disappeared during the glacial/interglacial transition as the vegetation expanded. Heliophilous taxa like Hippophae rhamnoides, Ephedra distachya, Artemisia, Chenopodiaceae, Cruciferae, Helianthemum, Plantago, Rumex and Sanguisorba minor were progressively eliminated as the density of the vegetation cover increased. During the Late Glacial, Salix was replaced by Betula, which also requires moist soil conditions but formed relatively closed forests. On drier substrates, Juniperus was shaded out by Pinus. Heliophilous taxa almost disappeared during the Early Holocene as a result of the development of dense forests. Not only developing forests but also more humic soils were unfavourable for heliophilous taxa like Hippophae rhamnoides, Ephedra distachya, Helianthemum and Armeria maritima. The coversand and till regions were probably not rich enough in nutrients for the growth of taxa like Filipendula ulmaria, which require humic soils.
Iso-pollen patterns for selected time-windows of the Late Glacial in the Netherlands demonstrate that climate was not the only influence on vegetation. The effects of climate can certainly be seen in the largescale vegetation sequence (Fig. 2) , and changes in climate caused marked changes in vegetation as reflected in the changes of iso-pollen patterns through time. The abiotic landscape components also exited an influence on the vegetation development, however.
The arboreal pollen (AP) patterns for various zones within the Late Glacial and Early Holocene show not only the influence of the climate as reflected in the increasing values through time, but also a relationship with the abiotic landscape. After an increase from the early Late Glacial to the Allerod (Fig. 4a-b) , lower AP percentages can be recognised for the Late Dryas zone (Fig. 4c) , particularly in the coversand and river region. In these areas, large-scale eolian processes were active and coversand ridges and riverdunes were formed.
Specific maps, such as those for Pinus and Juniperus, lead to interesting conclusions about migrational patterns that are related to the Late Glacial landscape. It appeared that pine migrated during the Allerod (around 11,250 BP) into the Netherlands along the Rhine corridor. High values of Pinus can be found specifically in the central Netherlands river region (Fig. 5b) . Pine supposedly inhabited the borders of the higher fluvial terraces and colonised the uplands from there. Juniper changed its preferred location from the ice-pushed area in the early Late Glacial towards the southern coversand region at the end of the Late Glacial and beginning of the Holocene.
Adopting a direct relationship between vegetation and climate, for instance by using fossil pollen assemblages and a modern-analogue transfer function to reconstruct paleoclimate, can easily yield erroneous results. This can be demonstrated by, for instance, the increase in Empetrum nigrum percentages during zone 3 (10,950-10,150 BP), particularly in the till region (Fig. 7c) .The increase in percentage may have been a result of lower temperatures, in combination with an increase in precipitation and snow cover during this time interval, but the distribution pattern is evidently also strongly influenced by the abiotic landscape. An abundance of Ericales during zone 3 is restricted to a specific region, while the Younger Dryas climatic change associated with this biozone is supposed to have influenced a much larger area. This implies that one has to be cautious with the use of transfer functions in paleoclimate reconstruction.
To conclude, the influence of the abiotic landscape on vegetation has to be taken into account, when interpreting climate/vegetation relationships. By using a paleogeographical approach, the vegetation patterns and changes in these patterns can be compared with geological or geomorphological maps. It appears that the influence of the abiotic landscape factors on vegetation patterns can be visualized in many instances. This approach requires, however, a dense network of well-dated palynological sites in an area with a wellknown geology and geomorphology, such as the Netherlands. 
